Anticipatory planning was examined in detail for a complex object manipulation task by capitalizing on both the complexity and the number of elements in the movement sequences in seven individuals with hemiparetic cerebral palsy (HCP) and seven left-handed control participants. Participants had to grasp a hexagonal knob using one of five possible grasping patterns as quick1ly as possible following a starting cue (condition I), and sometimes, they had to rotate it subsequently either 60˚ or 120˚ clockwise or counterclockwise (condition II). In the first condition, the HCP participants appear to anticipate the comfort of the different grasping patterns before movement onset, as controls did. However, when the task consisted of more than one movement part, HCP participants did not complete their planning processes before movement onset, which was contrary to controls. Instead, the results suggest that they use a step-by-step planning strategy, that is, they planned the latter parts of a movement sequence as the movement unfolds. The results are discussed in the light of possible capacity limitations of an internal model for grip selection, and a recent model on the planning and on-line control of movement performance.
Typical and defining features of cerebral palsy (CP) are disorders in motor function, that is, difficulties in the execution of movements (Ingram, 1966) . Frequently, CP results in spasticity, that is, a velocity dependent increase in tonic reflexes resulting in an excessive and awkward activation of skeletal muscles (Barnes, Mclellan, & Sutton, 1994; Lance, 1980; Sanger, Delgado, Gaebler-Spira, Hallet, & Mink, 2003) . In the case of hemiparetic cerebral palsy (HCP) it is especially at the contralesional body side where the deviations in motor output can be observed. Movements are characterized by increases in: number of submovements (e.g., Chang, Wu, Wu, & Su, 2005; Sugden & Utley, 1995; Utley & Sugden, 1998) , variability of hand trajectories (e.g., van Thiel, Meulenbroek, Smeets, & Hulstijn, 2002; van Thiel & Steenbergen, 2001) , and level of trunk involvement (e.g., van Roon, . Furthermore, movements show a stereotyped shoulderelbow recruitment order (e.g., Steenbergen, van Thiel, Hulstijn, & Meulenbroek, 2000) . Finally, movement patterns are distinguished by the application of inap-propriately coordinated grip and lift forces (e.g., Eliasson, Gordon, & Forssberg, 1991 , 1992 . Although not extensively examined, the ipsilesional body side is shown to have subtle motor deviations as well (Steenbergen, Meulenbroek, & Rosenbaum, 2004) .
Recent studies, however, found deviations at the level of motor planning in participants with CP as well (Mutsaarts, Steenbergen, & Bekkering, submitted; Mutsaarts, Steenbergen, & Meulenbroek, 2004; Steenbergen & van der Kamp, 2004) , suggesting that part of the deviations in motor function can be attributed to disorders at the preceding motor planning level. The specific planning problems revealed by these studies reflect anticipatory planning. Anticipatory planning implies that subjects go beyond immediately available perceptual information and take into account the demands of an upcoming task during the planning of this particular task (Johnson-Frey, McCarty, & Keen, 2004) .
In one study, we asked participants with HCP and control participants to grasp a square object of which the position was gradually changed leftwards or rightwards (Mutsaarts et al., 2004) . The task goals consisted of either lifting the square or rotating it back and forth. Task goal, hence the demands of the upcoming task, significantly affected the type of grip that controls used to grasp the square. No such effect of task goal was found for grip selection of the HCP participants, indicating a lack of anticipatory planning in these subjects.
In a more recent study, we used an experimental paradigm designed to examine more explicitly the anticipatory planning process with respect to grip selection in adolescents with HCP (Mutsaarts et al., submitted) . Participants were seated in front of an apparatus consisting of a large disk at the center of which a six-sided knob, a hexagon, was attached. Participants were instructed to grasp the hexagon and subsequently rotate it 0˚, 60˚, 120˚, or 180˚. The 0˚ rotation instruction served as a baseline measure to establish the preferred grasping pattern. The HCP participants preferred the same grasping pattern as healthy controls in the 0˚ rotation task. In this grasping pattern, the arm was placed approximately in the middle range of pronation/supination, thus enabling movements in either movement direction. In other words, it reflected the most optimal choice, both functionally and biomechanically. When the task consisted of grasping the hexagon and consequently rotating it a certain amount, however, the HCP participants hardly deviated from this preferred grasping pattern in anticipation of the instructed rotation and consequent end posture. This was the case even when it resulted in a failure to complete the task successfully. These findings indicate a disorder at the planning level, but at the same time give a hint as to the specific nature of this planning disorder. It appeared that subjects only planned the first part of the task (viz., grasping the hexagon), instead of planning for the end of the task (viz., rotating the hexagon to a consequent end position). These findings indicate that individuals with HCP select an initial grip that ensures a comfortable posture at the start of a movement sequence, instead of optimizing comfort of the end posture, as is frequently shown for healthy participants (Cohen & Rosenbaum, 2004; Elsinger & Rosenbaum, 2003; Rosenbaum, Engelbrecht et al., 1993; Rosenbaum & Jorgenson, 1992; Rosenbaum, Vaughan et al., 1993; Short & Caraugh, 1997 . Specifically, the findings of Mutsaarts et al. (submitted) suggest that prior to movement onset planning of the whole sequence is not complete in HCP. Hence, planning of the latter part of the movement sequence occurs during the ongoing movement, suggesting a "step-by-step" planning strategy (for comparable results and reasoning, see Steenbergen & van der Kamp, 2004) .
In the present study, we used a paradigm similar to Mutsaarts et al. (submitted) , with the aim of examining in more detail the different phases of the planning and execution of complex prehension movements. Participants had to grasp the hexagon using a pre-instructed grasping pattern ("forced-choice reaction time") as quickly as possible after a starting cue (condition I), and subsequently rotate it a certain amount to a pre-instructed end position (condition II). We measured three movement parameters. First, we measured initial reaction time (time to movement onset) and second reaction time (time from touching the hexagon to start of rotation). Moreover, we also examined movement time (time from movement onset to touching the hexagon). The rationale was that if the planning processes continue after movement onset, as suggested by recent research (Mutsaarts et al., submitted; Steenbergen & van der Kamp, 2004) , this would be reflected during this first part of the execution of the movement sequence (i.e., movement time).
The major assumption underlying the experiment was that anticipatory planning is reflected in the different movement parameters, specifically in the initial reaction time measure. In two studies, Klapp (1995 Klapp ( , 2003 suggested that two factors affect motor preparation, thus (initial) reaction time. The first factor is the internal structure of a movement part (which he refers to as a chunk). In essence, the more complex its structure, the longer it takes to prepare its motor execution, hence the longer the reaction time will be. This assumption, as first proposed by Henry and Rogers (1960) , has been supported by a substantial amount of research (for an overview, see Christina, 1992) . The second factor Klapp refers to is the number of connected movement parts (i.e., sequence length), where more elements demand longer preparation (Sternberg, Monsell, Knoll, & Wright, 1978; Verwey, 1994; Verwey & Eikelboom, 2003) .
In the present study, we manipulated the complexity of the movement parts (i.e., chunks) in two ways. First, the pre-instructed grasping pattern was manipulated such that comfortable and uncomfortable postures were required. The more comfortable postures were assumed to represent a less complex internal structure. The second manipulation of the complexity of the movement parts was the amount of rotation that was required for task completion. Larger rotations were assumed to reflect a more complex internal structure.
Condition I was designed to examine the effect of the comfort of the different postures on planning, that is, its effect on initial reaction time. Given that the HCP participants in the Mutsaarts et al. (submitted) study optimized this start posture comfort, our first hypothesis was that the HCP participants in the present study anticipate posture comfort before movement onset. Hence, we predicted shorter initial reaction times for more comfortable postures.
In condition II, posture comfort and amount of rotation were systematically varied. We specifically looked at trials where the hexagon had to be grasped with the preferred grasping pattern and subsequently rotated. The rationale was that these trials best reflect the natural behavior of individuals with HCP, as they are known to rarely engage a grasping pattern that does not optimize start posture comfort (Mutsaarts et al., submitted; Steenbergen, Hulstijn, & Dortmans, 2000) . We were particularly interested in the effect of the complexity of the latter movement part on anticipatory planning, as reflected in the different movement parameters. Based on the alleged incomplete planning in individuals with HCP, our second hypothesis was that the HCP participants would not anticipate the amount of rotation before movement onset (as reflected in the initial reaction time) given a preferred (optimal) start posture. Rather, these anticipation effects were expected to occur in later phases of the movement sequence. Hence, we predicted longer initial reaction times for the larger rotations only for the control group. In contrast, for the HCP participants, we predicted longer movement times or longer second reaction times for the larger rotations.
Finally, we also examined the effect of the number of movement parts in a movement sequence on the different movement parameters. Following Klapp (1995 Klapp ( , 2003 , for the control participants, we expected longer initial reaction times for condition II as compared to condition I, as the former consisted of more movement parts (i.e., grasping and rotating versus grasping). Such an effect was not predicted for the HCP participants. Due to the specific set-up of the experiment (different starting cues in both conditions), however, the results of a comparison of initial reaction times for both conditions is indirect and consequently difficult to interpret. Therefore, we also compared the movement times for both conditions. The rationale for this comparison was that if HCP participants continue planning after movement onset, that is, if they indeed use a "step-by-step" planning process, we expected that the effect of sequence length (i.e., condition II minus condition I) would also be reflected in the movement times, with longer movement times for longer sequences (condition II). This should not be the case for the control group, since they would have finalized their planning processes prior to movement onset.
In sum, in this study, anticipatory planning in individuals with HCP was examined in detail for a complex object manipulation task by capitalizing on both the complexity and the number of elements in the movement sequences. The overall goal of the study was to gain more insight into the nature of the planning disorder in HCP.
Method Participants
Seven adolescents with right spastic hemiparesis (viz., left hemispheric damage; mean age 17.3 years, SD 2.1 years) and seven neurologically healthy control participants (all left-handed, mean age 19.3 years, SD 1.4 years) participated in the experiment on a voluntary basis. We selected only HCP participants with left hemispheric damage because it has been shown that problems in planning are most profound in this subgroup (e.g., . To maximize the match between the HCP participants and the controls, we used left-handed controls. Participants with hemiparesis used their left (ipsilesional) hand. At the time of testing, the hemiparetic participants were students from the Werkenrode Institute (Groesbeek, The Netherlands) where they followed an adapted educational program. They were selected based on being diagnosed as having spastic hemiparesis due to cerebral palsy. Because they were students of a school, instead of patients in a medical clinic, only limited information on individual neuropathology was available. To characterize the participants in terms of gross hand function of the type studied here, we administered the Box and Block test (Mathiowetz, Volland, Kashman, & Weber, 1985) according to the instructions in the test protocols (see also Table 1 ). The test-retest reliability at six-month intervals of the Box and Block test has been reported as rho coefficients of 0.937 and 0.976 for the left and right hand, respectively (Mathiowetz et al.) . Additional information on the HCP participants is given in Table 1 . The control participants were psychology students from the Radboud University.
All participants signed an informed consent. This study was approved by the local ethics committee and performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. 
Experimental Set-Up and Apparatus
The participants were comfortably seated on an ergonomic chair positioned in front of a table at the level of the abdomen. On this table, a custom made apparatus was placed. It consisted of a metal platform (length 32 cm, width 24 cm), with a wooden disk (diameter 40 cm) attached on top (see Figure 1a) . The disk could be tilted at a slope between 0° and 90° relative to the platform. A plastic hexagonal knob (diameter 11 cm, depth 6 cm) was attached to the center of the disk. The hexagon could freely rotate around its vertical axis with only limited friction. Rotation was registered with a sampling frequency of 1,000 Hz. At the front and at the sides of the hexagon, a metal touch sensor was placed which recorded the moment that the participant's hand touched the hexagon (precision 1 ms). At 0.5 cm from the edge of the disk, six LEDs (light-emitting diodes) were placed, at positions 1:6 (see Figure 1b) . Furthermore, at each of the six sides of the hexagon a red arrow was inserted. A start box (see Figure  1c ) was used for reaction time measurements (precision 1 ms).
Design and Procedure
The experiment consisted of two main conditions (Ia and IIa) and two control conditions (Ib and IIb). As a starting posture in all conditions, participants placed their left (dominant) fist (little finger below) in front of them on the start box. Next, all six LEDs lighted up for a period of 1,000 ms (priming cue). This cue alerted the participant for the subsequent starting cue that indicated the beginning of a trial. As a starting cue in main condition Ia and control condition Ib, one of five LEDs (1:5, see Figure 1b ) lighted up for 50 ms after a random delay of 600 to 1,500 ms following the priming cue (see Figure 2a ). In the main condition (Ia), participants were instructed to grasp the hexagon as quickly as possible following the starting cue, using the grasping pattern that corresponded with the position of the starting cue (see Figure 1a and 1b). For example, if LED1 was the starting cue, the task was to grasp the hexagon using grasping pattern 1. In the control condition (Ib), participants were instructed to touch the front of the hexagon with the index finger as quickly as possible after the starting cue appeared. This control condition was performed to ensure that the results of main condition Ia could not be ascribed to differences pertaining to the speed of perceptual processes associated with the different locations of the LEDs.
The starting cue in both main condition IIa and control condition IIb consisted of two LEDs (LED1 and LED2) that were lit sequentially following a random delay ranging from 600 ms to 1,500 ms after the priming cue. Each LED was lit for 50 ms with a 50 ms interval demarcating the two (see Figure 2b ). LED2 was either Figure 2 -(a) Event structure for main condition Ia and control condition Ib. The priming cue (1,000 ms), a random interval (600-1,500 ms), and the starting cue (50 ms) are schematically represented. (b) Event structure for main condition IIa and control condition IIb. The priming cue (1,000 ms), a random interval (600-1,500 ms), and the starting cue, consisting of LED1 (50 ms), an interval (50 ms), and LED2 (50 ms) are schematically represented. a b 60˚ or 120˚ away from LED1 (see Figure 1b) . In the main condition (IIa), participants were instructed to grasp the hexagon as quickly as possible after the starting cue, using the grasping pattern that corresponded with LED1. Next, they had to rotate the hexagon to the position that corresponded with LED2. For example, if the position of LED1 was 3 and the position of LED2 was 4, the task was to grasp the hexagon using grasping pattern 3 and subsequently rotate it to LED position 4. In the control condition (IIb), participants were instructed to touch the front of the hexagon as quickly as possible after the starting cue. This control condition was performed to ensure that the results of main condition IIa could not be ascribed to differences pertaining to the speed of perceptual processes associated with different locations of the two successive LEDs.
Main condition Ia consisted of 50 trials, determined by 5 LEDs × 10 replications. Control condition Ib consisted of 25 trials, determined by 5 LEDs × 5 replications. Main condition IIa consisted of 140 trials, determined by 14 combinations of LED1 and LED2 × 10 replications. Control condition IIb consisted of 28 trials, determined by 14 combinations of LED1 and LED2 × 2 replications. Within each condition, all trials were randomized. The order in which the participants performed the different conditions was randomized.
During the practice sessions prior to the start of the experiment, adjustments to the apparatus were made by the experimenter. These consisted of adjusting the slope of the disk and the distance from the apparatus to the front edge of the table to each participant's active range of motion. This resulted in slopes ranging from 60° to 80° and distances ranging from 9 to 22 cm. These adjustments were made to ensure that the same 5 distinct grasping patterns were possible for each individual participant, with the fingers at position 1, 2, 3, 4, or 5, respectively (see Figure  1a) . The participants used the practice sessions to familiarize themselves with the different grasping patterns, as well as to find a comfortable sitting posture that they were asked to maintain during the experiment. On average, practice sessions took about 10 min, including adjustments and instructions.
Data Analyses
The data were analyzed off-line. Three movement parameters were determined. Initial reaction time (RT1) was defined as the interval between the starting cue and the moment the hand released the start box. Movement time (MT) was defined as the interval between the moment the hand released the start box and the moment the hand first made contact with the hexagon, as registered by the touch sensor. Finally, in main condition IIa a second reaction time (RT2) was measured. It was defined as the interval between the moment the hand first touched the hexagon and the moment the hexagon was rotated 1 degree, viz., start of the rotation movement.
Statistical Analyses
We analyzed the means of the dependent variables across the replications of each condition and across the conditions using repeated measures analysis of variance (ANOVA). The design consisted of one between-subject factor, group (controls vs. HCP), and three within-subject factors, LED position (1:5), amount of rotation (60˚ vs. 120˚), and sequence length (condition Ia vs. condition IIa). When relevant, post hoc tests were performed by means of exhaustive pairwise comparisons. An alpha level of 0.05 was used for all statistical tests, but Bonferroni corrections were applied to the post hoc tests.
Results

General Task Performance
Both groups of participants were able to successfully perform the task. Due to the intensive nature of the experiment, the HCP participants needed substantially more resting breaks than the control participants to properly finish the experiment.
We classified approximately 4% of the trials as invalid because of extremely long reaction times or movement times (a deviation from the mean of more than three times the within-subject standard deviation was used as an outlier-procedure). The invalid trials were excluded from data analyses. Figure 3a represents the mean initial reaction times (RT1) for both groups for each of the five LED positions (i.e., grasping pattern 1:5) in main condition Ia. The statistical analysis showed no significant group × LED position interaction [F(4,9) = 1.12, p = ns, η 2 = .33], which suggests that the RT1 patterns are similar for both groups. A main effect of LED position was established [F(4,9) = 6.35, p = .001, η 2 = .74]. Post hoc analysis showed that RT1 was significantly shorter for LED position 3 than for LED positions 1 and 5 (p = .009 and p = .02, respectively). Also, RT1 was longer for LED position 1 than for LED position 2 (p = .008). In Table 2 , RT1s are presented of the five different LED positions for the individual participants as well as of the overall scores for the groups.
With respect to the between-subjects effects, in Figure 3a it can be observed that the control group reacted faster than the HCP participants. Indeed, the analysis showed a significant main group effect [F(1,12) = 9.84, p = .009, η 2 = .45]. The participants also performed a control condition (Ib), in which they had to touch the front of the hexagon with the index finger, instead of grasping it. For this control condition, no main effect of LED position (F < 1) was found. Therefore, we conclude that the effects of LED position on RT1 found in main condition Ia were not confounded by processes associated with the speed of perception of the LEDs at the different positions.
Besides RT1, we also plotted mean MT for the five LED positions in Figure  3b . This was done to test whether the movement trajectories towards the different grasping patterns coincided with the RT1 patterns observed in Figure 3a , that is, longer and more complex movement trajectories for the less comfortable grasping patterns. The statistical analysis showed that the MT patterns are similar for both groups, since no significant group × LED position interaction (F < 1) was established. In addition, as was also shown for RT1, there existed a main effect of LED position for MT [F(4,9) = 7.06, p = .007, η 2 = .76]. Post hoc analysis showed that MT was significantly shorter for LED position 3 than for LED positions 4 and 5 (p = .006 and p = .002, respectively). A statistical trend in the same direction was shown for LED position 3 as compared to LED position 1 (p = .056). Also, MT at LED position 4 was significantly shorter than at LED position 5 (p = .04).
With respect to the between-subjects effects, in Figure 3b it can be observed that the control group moved faster than the HCP participants. The analysis showed a statistical trend in this direction [F(1,12) = 4.47, p = .056, η 2 = .27], thereby only partly corroborating this observation.
Condition II: Effect of Amount of Rotation on RT1, MT, and RT2
Figure 4 shows mean initial reaction times (RT1), mean movement times (MT), and mean second reaction times (RT2) of the control group (left panel) and the HCP group (right panel) in main condition IIa. The data depicted in Figure 4 are from trials in which participants grasped the hexagon using the preferred grasping pattern 3 (i.e., LED1 = 3). The light gray bars represent the trials in which participants subsequently rotated the hexagon 60˚ clockwise or counterclockwise (i.e., LED2 = 2 or 4). The solid bars represent the trials in which participants subsequently rotated the hexagon 120˚ clockwise or counterclockwise (i.e., LED2 = 1 or 5). (50) 445 (54) 530 (60) 570 (90) 7 398 (40) 384 (77) 431 (67) 385 (64) 443 (113) Overall 443 (50) 421 (42) 403 (35) 435 (58) 445 (66) Controls 1 376 (48) 307 (27) 317 (47) 330 (55) 370 (27) 2 372 (38) 348 (35) 350 (30) 326 (30) 344 (18) 3 341 (37) 283 (24) 299 (49) 296 (28) (29) 384 (35) 408 (30) 421 (23) Overall 380 (40) 348 (51) 341 (39) 348 (39) 371 (52) No significant group × amount of rotation interaction was found as regards RT1 [F(1,12) = 1.14, p = ns, η 2 = .09]. For the entire data set, the statistical analysis revealed a main effect of amount of rotation [F(1,12) = 9.27, p = .01, η 2 = .44], which indicates that RT1 was significantly longer for the larger rotation than for the smaller rotation. With respect to MT, there was a significant group × amount of rotation interaction [F(1,12) = 7.24, p = .02, η 2 = .38].
Step-down analyses of this interaction revealed that for the HCP group MT was shorter for the smaller rotation than for the larger rotation [F(1,6) = 1.14, p = .02, η 2 = .63], whereas this was not the case for the control group (F < 1). In addition, a significant group × amount of rotation interaction was established for RT2 [F(1,12) = 6.69, p = .024, η 2 = .36]. Comparable to MT, step-down analyses of this interaction showed that for the HCP group RT2 was shorter for the smaller rotation than for the larger rotation [F(1,6) = 6.31, p = .04, η 2 = .51], whereas for the controls no such effect was found (F < 1).
With respect to the between-subjects effects of RT1, MT, and RT2, it was shown that both MT and RT2 were significantly longer for the HCP group than for the 
Condition I and II: Comparison of MT
To examine the effect of sequence length, we compared mean RT1 in main condition Ia and main condition IIa. This was done with respect to the preferred grasping pattern (i.e., LED1 = 3), as established in main condition Ia. No significant group × sequence length interaction was found (F < 1). In addition, no main effect of sequence length with respect to RT1 was established, although there was a statistical trend [F(1,12) = 3.3, p = .09, η 2 = .22], which suggests that RT1 was longer for main condition IIa as compared to main condition Ia. Still, it must be noted that the different starting cues in both conditions (one LED in condition I versus two successive LEDs in condition II) cause these results to be somewhat difficult to interpret.
We also examined the effect of sequence length on MT. The group × sequence length interaction just failed to reach statistical significance [F(1,12) = 4.24, p = .062, η 2 = .26].
Step-down analysis revealed that for the control group there existed no main effect of sequence length (F < 1), whereas for the HCP participants, MT tended to be longer for main condition IIa as compared to main condition Ia, as shown by a statistical trend [F(1,6) = 5.29, p = .061, η 2 = .47]. In Figure 5 , MT is presented for main condition Ia and for main condition IIa. For the latter condition, both the 60˚ rotation trials and the 120˚ rotation trials are plotted. In this way, the effect of both sequence length (statistical trend for the HCP group) and amount of rotation (significant difference for the HCP group) are depicted in one graph. Note that for the effect of sequence length, the average MT of main condition IIa (both 60˚ and 120˚) is compared with MT in main condition Ia. 
Discussion
Summary Main Results
In the first condition of the present study, participants had to grasp a hexagonal knob using one of five possible grasping patterns, which varied systematically in terms of posture comfort. We predicted shorter initial reaction times for the more comfortable grasping patterns. The results showed an initial reaction time advantage for the most comfortable posture (grasping pattern 3) as compared with the least comfortable postures (grasping patterns 1 and 5) for all participants, which confirmed our hypothesis. The finding that the movement time patterns closely resembled the initial reaction time patterns suggests that for grasping the less comfortable grasping patterns longer and more complex movement trajectories were indeed required.
In the second condition, participants had to grasp the hexagon and subsequently rotate it either 60˚ or 120˚ in a clockwise or counterclockwise direction. We compared the different movement parameters as a function of the required amount of rotation. The results showed that initial reaction times were longer for the larger rotations. More important, for the HCP participants, an effect of amount of rotation was established during latter phases of the movement sequence, with longer movement times and longer second reaction times being associated with larger rotations. In contrast, for the controls no such effects were found.
Finally, we compared the initial reaction times and movement times between both conditions (viz., grasping versus grasping and rotating) to examine possible effects of sequence length. No effects were found, although a statistical trend was established for the HCP participants with respect to movement times, which indicates that movement times tended to be longer for the longer sequences (condition II).
Possible Confounding Factors
Two factors might to some degree complicate the interpretation of the present findings. First, we established that on almost all measures the HCP participants were slower than the controls. This finding substantiates the claim that the ipsilesional side of HCP has subtle motor deviations as well . Since this general slowing was a common observation, and, more important, because it was a very systematic finding in the present study, we are confident that it does not impede our interpretation of the main results obtained. The second possible confounding factor regarded the speed of perception of the different LEDs that served as starting cues. To control for this, the participants were instructed to make the same movements (touching the front side of the hexagon) irrespective of the position of the LED (first control condition) or LEDs (second control condition) that switched on. Because we did not find systematic variations in initial reaction time and movement time as a function of the position of the LED(s), the results of the main conditions can not be attributed to differences in the speed of the processes that are associated with perception of the different LED locations. Therefore, we are confident that these processes do not confound the interpretation of the results.
Major Implications for Anticipatory Planning in HCP Individuals
The main goal of the present study was to lay bare the deviant anticipatory planning processes in individuals with HCP. We were able to make inferences thereon, by manipulating both the complexity and the number of elements in the tasks that had to be performed under speeded task constraints (for comparable reasoning and analyses in healthy subjects, see Fleming, Klatzky, & Behrmann, 2002) . From the main findings summarized above, two major conclusions can be drawn.
First, we discuss the issue whether HCP participants have the general ability to internally represent an upcoming task. Evidence in favor of this capability was already found for individuals with congenital hemiparesis (Gordon, Charles, & Duff, 1999; Mutsaarts et al., submitted; . Furthermore, it has been shown that the ability to internally represent motor actions is intact in individuals with hemiparesis as a result of stroke, both for acute (Johnson, 2000) and chronic patients (Johnson, Sprehn, & Saykin, 2002 ; but see Takahashi & Reinkensmeyer, 2003) . In the present study, especially the striking resemblance between the effect of posture comfort on the initial reaction time measure for both the controls and the HCP participants in the first condition adds additional weight to the conclusion that individuals with HCP have retained the ability to internally represent motor actions, in this case the different grasping patterns.
Second, given the fact that the sensitivity for task complexity (with respect to amount of rotation) of the HCP participants emerged during latter phases of the movement sequences, we conclude that they have not completed the planning processes of the entire movement sequence before movement onset. Instead, they seem to segment the movement sequence into its constituent parts (grasping and rotating). Consequently, these movement parts are processed and executed sequentially, as opposed to the parallel incorporation of the entire movement sequence into an integrated motor plan.
A Broader Perspective on Action Planning in HCP
In itself, the aforementioned segmentation is not remarkable, since a number of studies have shown similar effects in healthy individuals (e.g., Fleming et al., 2002; Haggard, 1998) , especially when movement sequences become longer and more complex. In the present study, however, the controls appeared to have completed planning before movement onset, whereas the HCP participants showed effects of task complexity even after completing the first grasping phase, that is, just prior to the rotation of the hexagon. In two studies on anticipatory control of object manipulation, Eliasson et al. (1991 Eliasson et al. ( , 1992 established comparable findings regarding the coordination of grip and lift forces in individuals with HCP (see also, Steenbergen & van der Kamp, 2004) . In the studies of Eliasson et al., HCP participants were asked to grasp a squared object and subsequently lift it. In such a task, healthy subjects generated positive grip and lift forces in parallel resulting in a smooth lift of the object. In contrast, HCP individuals first applied (excessive) grip force to the object followed by a negative (downward) lift force, resulting in extended durations in contact with the object before it was lifted (see also Steenbergen, Hulstijn, Lemmens, & Meulenbroek, 1998) . A similar sequential decrease in grip and load force in HCP during the release of an object was found by Gordon (2000, see also Gordon, Lewis, Eliasson, & Duff, 2003) . Sequentiation was also shown during bimanual coordination (Hung, Charles, & Gordon, 2004) . In a "drawer opening" task individuals with HCP showed a reduced overlap between the movements of both hands. That is, the two movement objectives (i.e., opening a drawer and pushing a button) were completed sequentially, rather than simultaneously as was shown for controls. In sum, the established segmentation of movement sequences into its constituent parts appears to reflect a more general characteristic of the deviant anticipatory planning in individuals with HCP.
Application to Recent Models on Sensory-Motor Action
A possible explanation for the observed deviation in anticipatory planning in individuals with HCP that has been previously suggested may be sought in the concept of internal models (Wolpert & Ghahramani, 2000) . In this concept, it is proposed that the nervous system uses sensory motor mappings to anticipate and adapt to dynamic environments (e.g., Shadmehr & Mussa-Ivaldi, 1994) . In a forward internal model, the sensory consequences of motor commands are predicted, whereas the motor commands required to achieve a desired outcome are specified in an inverse internal model (e.g., Blakemore, Wolpert, & Frith, 2002) . As the HCP participants in the present study showed similar performance characteristics (viz., systematic variation of reaction time as a function of comfort of the grasping pattern) as the controls in the first condition, we speculate that the internal model responsible for anticipatory grip planning may not be impaired for simple prehension movements. This speculation is corroborated by the results of . They tested the ability of HCP children to form and use an internal model that predicts the forces necessary for picking up objects. Specifically, they examined whether this anticipatory planning can be generalized across hands. The results showed that sensory information from the non-impaired hand can be used for anticipatory scaling of isometric force increase during subsequent lifts with the contralateral impaired hand. These findings suggest that the initial lack of anticipatory control usually observed in the involved hand in children with HCP is likely to be based on disturbed sensory input.
The results of the second condition of the present study showed that HCP participants did not plan the entire movement sequence prior to movement onset. In the context of internal models, this finding may imply a capacity problem to form or utilize an internal model for grip planning of complex movement sequences. On the one hand it might reflect a limitation in the capacity of the forward model to properly predict the sensory consequences of the necessary motor command on subsequent parts of the movement sequence (i.e., rotating the hexagon). Alternatively, it could also reflect an insufficient capacity of the inverse model to specify the motor commands required to achieve the entire movement sequence. Given the set-up and design of the present study, we are unable to rule out either of these possibilities.
Another recent model of goal-directed action that is relevant in the context of the present study is the planning control model that was proposed by Glover (2004) . This model posits separate visual representations subserving planning and on-line control of movements. Whereas planning is presumed to be affected by task context and semantics, on-line control is thought to be primarily influenced by the spatial constraints of the target. When applied to the present study, task context (amount of rotation) should affect the planning of the action, whereas on-line control should be affected by the dimensions of the hexagon, which were kept constant throughout the experiment. Based on this model, the manipulations in our study should predominantly affect the planning, and, to a lesser extent, the on-line control of the movements. Indeed, we established effects of amount of rotation on initial reaction time. This suggests that task context had an effect on movement planning (assuming that planning is reflected in reaction time measures).
For the controls, no effect of amount of rotation was found on movement time (and second reaction time), indicating that task context did not have an effect on on-line control (assuming that on-line control is reflected by movement time) for these participants. In contrast, for the HCP participants, both movement time and second reaction time were affected by the amount of rotation in the grasp and rotation task. As argued previously, these results indicate that planning in these participants is not complete before movement onset, but may continue during execution of the movement (movement time). At the same time, the results point to segmentation of the planning processes for the entire movement sequence into its constituent parts (first grasping, second rotating), as evidenced by the effects of amount of rotation on second reaction time. These findings suggest that the planning control model may be extended to explain the pattern of results of this clinical population by proposing multiple planning control phases during the movement sequence. As we only measured movement time, however, and not the kinematic features during execution of the movement, we could not verify to what extent planning proceeds during execution. As an example of this, Glover and Dixon (2002) showed that errors in movement planning were corrected during on-line control. When subjects had to grasp objects with similar dimensions on which either "LARGE" or "SMALL" was printed, peak grip aperture was initially affected by the words (planning error), but this effect gradually disappeared as the hand approached the object (on-line correction). To test the applicability of the planning control model for movement planning in HCP participants, a more detailed analysis of the execution phase is needed. In particular, changes in hand orientation during the early part of execution should be examined, as these are indicative of both grip planning and corrective control processes during complex object manipulation (Steenbergen & van der Kamp, 2004; Mutsaarts et al., 2004) . Still, the effect of task complexity (amount of rotation) on movement time that we found for HCP participants may suggest that planning processes continue during execution.
